Context. The effect of a frequency dependent shift of the VLBI core position (known as the "core shift") was predicted more than three decades ago and has since been observed in a few sources, but often within a narrow frequency range. This effect has important astrophysical and astrometric applications. Aims. To achieve a broader understanding of the core shift effect and the physics behind it, we conducted a dedicated survey with NRAO's Very Long Baseline Array (VLBA). Methods. We used the VLBA to image 20 pre-selected sources simultaneously at nine frequencies in the 1.4-15.4 GHz range. The core position at each frequency was measured by referencing it to a bright, optically thin feature in the jet. Results. A significant core shift has been successfully measured in each of the twenty sources observed. The median value of the core shift is found to be 1.21 mas if measured between 1.4 and 15.4 GHz, and 0.24 mas between 5.0 and 15.4 GHz. The core position, r c , as a function of frequency, ν, is found to be consistent with an r c ∝ ν −1 law. This behavior is predicted by the Blandford & Königl model of a purely synchrotron self-absorbed conical jet in equipartition. No systematic deviation from unity of the power law index in the r c (ν) relation has been convincingly detected. Conclusions. We conclude that neither free-free absorption nor gradients in pressure and/or density in the jet itself and in the ambient medium surrounding the jet play a significant role in the sources observed within the 1.4-15.4 GHz frequency range. These results support the interpretation of the parsec-scale core as a continuous Blandford-Königl type jet with smooth gradients of physical properties along it.
Introduction
In VLBI images of relativistic AGN jets, the "core" is the most compact feature near the apparent base of the jet. It is identified with the surface at which the optical depth τ ν ≈ 1 (photosphere) in a continuous jet flow with gradually changing physical properties (Blandford & Königl 1979) . The position of this surface is a function of the observation frequency, ν, and the exact form of this function depends on the absorption mechanism. The above interpretation of the core is supported by observations of the "core shift" effect serendipitously discovered by Marcaide & Shapiro (1984) and later investigated by, among others, Zensus, Cohen, & Unwin (1995) , Lobanov (1998) , Gabuzda (2009) . Additional support comes from observations of the related increase in the apparent core size toward lower frequencies (Unwin et al. 1994 , Yang et al. 2008 ).
An alternative interpretation of the VLBI core as a standing shock in the jet is discussed by Marscher (2006 Marscher ( , 2008 . This interpretation may be relevant for high-frequency observations of some sources. The standing shock model does not predict a shift in the apparent core position with frequency unless one resorts to an assumption that there is a series of multiple standing shocks, and different shocks are observed as the core at different frequencies. In some objects the core could be a region where the jet bends such that it is more aligned with the line of sight leading to an increased Doppler beaming factor relative to jet regions farther upstream (Marscher 2006) . It has even been discussed sometimes, that the radio core may not be part of the jet at all.
The most likely absorption mechanism acting in the compact jet is synchrotron self-absorption (Königl 1981) . If the jet is freely expanding and there is an equipartition between the particle and magnetic field energy densities, the position r c (ν) of the τ ν = 1 surface will be r c (ν) ∝ ν −1 . If the above assumptions do not hold (e.g., synchrotron self-absorption is not the dominating absorption mechanism), we can expect a different dependency of r c (ν).
Investigation of the core shift effect is important for gaining deeper understanding of the structure and physical conditions in ultracompact AGN jets. It may also provide information about the pressure and density gradients in ambient medium surrounding VLBI-scale jets -the broad-line region (BLR) and the inner part of the narrow-line region (NLR) (e.g., Lobanov 2007) . The impact of the effect on interpretations of current and future radio Very Long Baseline Interferometry (VLBI) astrometric measurements has been discussed by Rioja et al. (2005) and Porcas (2009) . The core shift is expected to introduce a sys- Fomalont et al. (2003) , Petrov et al. (2005 Petrov et al. ( , 2006 , Kovalev et al. (2007) , Petrov et al. (2008 Petrov et al. ( , 2009 , Cols. 5 and 6 -redshift and optical class from Véron-Cetty & Véron (2010), Col. 7 -epoch of multifrequency VLBA observations reported in this paper. a Spectroscopic redshift obtained by Afanasiev et al. (2003) . b Photometric redshift, see Finke et al. (2008) .
tematic offsets of approximately 0.1 mas between the optical (6000 Å) and radio (8 GHz) positions of reference extragalactic sources , which needs to be taken into account for accurate radio-optical reference frame alignment in the era of modern space-based astrometric missions (Lindegren 2007 ) such as GAIA (Perryman et al. 2001 ) and for accurate spacecraft navigation with VLBI (e.g., Hildebrand et al. 1994 , Sekido et al. 2004 , Pogrebenko et al. 2009 ).
In this paper, we present observational results from a dedicated nine-frequency (1.4-15.4 GHz) VLBA survey of the core shift effect in 20 compact extragalactic radio sources. The selection of targets, the VLBA observation setup and our data reduction strategy are described in Section 2. Section 3 presents the core shift measurement technique. In Section 4, we discuss the results and their implication for the dominating absorption mechanism in the core region. Section 5 presents a brief summary of this work. Throughout this paper, we adopt a Λ-CDM cosmology, with the following values for the cosmological parameters: H 0 = 0.71, Ω m = 0.27, and Ω Λ = 0.73 (Komatsu et al. 2009 ).
VLBA observations

Sample selection
A blind survey for sources with measurable core shifts would be an extraordinarily time consuming project because it requires performing simultaneous multifrequency, high-resolution, high dynamic range VLBI observations. Therefore, we turned to an existing large-scale geodetic VLBI database to find promising candidates for the survey. have imaged and analyzed 277 sources from the Research and Development VLBA program (RDV, see Charlot 1997 and Petrov et al. 2009 ) observations made in [2002] [2003] . RDV experiments involve simultaneous dual frequency 2.3/8.6 GHz (S /X band) observations with the VLBA and up to ten other globally distributed antennas. The data processing technique and imaging results are described by Pushkarev & Kovalev (2011) . The core shift was measured by by referencing the core position to optically thin jet features, the positions of which are not expected to change with frequency.
During the preparation of the work, 18 sources with large core shifts between 2.3 and 8.6 GHz were selected for detailed multifrequency study with the VLBA, which we report here. These sources were selected in such a way that they not only show large core shifts in this frequency range, but are also particularly suitable for measuring it by referencing the core position to bright jet features -the technique used in this paper. This procedure is needed because the absolute position information is lost during the phase self-calibration process necessary for VLBI imaging; therefore, it is not known a priori how images at different frequencies should be aligned. Two more sources, 2201+315 and 3C 309.1 (1458+718), were added to the list in order to continue our previous core shift studies (Lobanov 1998 , Ros & Lobanov 2002 , Homan & Kovalev 2003 .
VLBA observation setup
Twenty sources selected as promising candidates for a detailed core shift investigation were observed with the VLBA (Napier 1994) during four 24 h sessions in March -June 2007. The list of the observed sources is presented in Table 1 . Each source was observed simultaneously using L, S , C, X, and K u band receivers (according to the Institute of Electrical and Electronics Engineers or IEEE nomenclature, see Table 2 ) in the 1.4-15.4 GHz range. In each band four 8 MHz-wide frequency channels (IFs, Table 2) were recorded in both right and left circular polarizations with 2-bit sampling and a total aggregate bit rate of 256 Mbits/sec. The correlation of the data was performed at the VLBA Array Operation Center in Socorro, NM, USA, with an averaging time of 2 seconds. Data in L, S , C, and X bands were divided into two sub-bands (two IFs in each sub-band) centered at 1.4, 1.7, 2.3, 2.4, 4.6, 5.0, 8.1, and 8.4 GHz, respectively. The K u band was not divided into sub-bands in order to achieve similar image sensitivity to other frequencies in a comparable integration time. All four IFs in the K u band were stacked together around 15.4 GHz. The central frequencies of the sub-bands were chosen in such a way that at least one sub-band in each band is centered at a frequency for which antenna gain curve measurements are available. A special procedure was applied to ensure accurate amplitude calibration of all sub-bands (Section 2.3).
VLBA data calibration and imaging
The initial calibration was conducted in AIPS (Greisen 2003) following the standard VLBA calibration procedure involving (i)a priori amplitude calibration with measured antenna gain curves and system temperatures, (ii)phase calibration using the phase-cal signal injected during observations, and (iii)fringe fitting. The fringe fitting was performed by the task FRING. A separate solution for the group delay and phase rate was made for each frequency channel (IF). As the final step in calibration, bandpass corrections were applied utilizing the task BPASS. The sources were imaged independently in each band, using the CLEAN algorithm (Högbom 1974) implemented in the Difmap software (Shepherd 1997) . Global amplitude corrections for left and right circular polarization for each IF at each antenna were determined by comparing the total intensity CLEAN model obtained with the initially calibrated data (again using Difmap). The amplitude corrections obtained were averaged over all the sources observed in the experiment with the excep- 
Column designation: Col. 1 -Antenna name, Col. 2 -radio band name, Col. 3 -number of the frequency channel (IF), Col. 4 -epoch to which the amplitude correction was applied, Col. 5 -polarization (right or left circular), Col. 6 -amplitude correction coefficient.
tion of 0610+260 and 1830+285. These two sources have steep radio spectra (Kovalev et al. 1999 (Kovalev et al. , 2002 and were not used for the amplitude corrections computation in order to avoid introducing systematic errors into the corrections. The significant amplitude correction factors that were found are listed in Table 3 . These amplitude corrections were introduced into the dataset using the AIPS task CLCOR. After that L, S , C, and X band data were split into two sub-bands as described above, and final total intensity imaging for each sub-band was conducted independently using Difmap. Naturally weighted CLEAN images of the observed sources between 1.4 and 15.4 GHz are presented in Fig. 1 available in the electronic version of the paper.
The typical VLBA amplitude calibration accuracy in the 1-10 GHz frequency range is estimated to be ∼ 5 % according to the VLBA Observational Status Summary 1 . Kovalev et al. (2005) and Petrov et al. (2008) have confirmed this estimate to be correct for S , X, and K u bands by comparing VLBA integrated flux density with a single-dish flux density measured from 1 to 22 GHz quasi-simultaneously at RATAN-600 (see description of the program in Kovalev et al. 1999 Kovalev et al. , 2002 and the data from the University of Michigan Radio Astronomy Observatory (UMRAO) monitoring program (Aller et al. 1985 , Aller, Aller, & Hughes 1992 , 2003 . This agrees with the VLBA K u band amplitude calibration accuracy reported by Homan et al. (2002) . We checked and confirmed the above estimates for this particular dataset by using our RATAN-600 data at 1-22 GHz and VLA measurements at 5 and 8 GHz from the VLA/VLBA Polarization Calibration Program 2 . This check was particularly efficient with our slowly varying calibrator 0923+392 observed in each of the four VLBA sessions. It has negligible kiloparsec-scale emission, which makes this comparison possible.
Model fitting and core shift measurements
The structure of each source at each frequency was modeled in the visibility (uv) plane with a number of circular Gaussian components using the Difmap software (Shepherd 1997) . A suitable number of components (typically ∼ 6) was used to account for all significantly detected features of the source structure at a given frequency. The components were visually cross-identified between frequencies on the basis of their position with respect to the core. The VLBI core is identified at each frequency as the bright component at the apparent jet base. As pointed out in Section 2.1, the target sources were preselected in a way that such an identification would be possible in a wide frequency range for the brightest jet components.
One bright, optically-thin jet component, which could be identified across all (or most of) the observing frequency range, was chosen, and its distance from the core was measured at each frequency. Model component positions and sizes for the core, as well as the jet feature used for this analysis, are indicated in Fig. 1 . In some rare cases we were unable to construct a consistent model to allow for accurate and robust component crossidentification with other frequencies. In these cases no model components are shown in Fig. 1 , and no data are used in the analysis. Figure 2 shows the distribution of spectral indexes of the reference components, indicating that they are optically thin in the considered frequency range.
The technique of using an optically thin jet component as a reference point for the core position measurement has previously been successfully tested on S /X band RDV data by in several ways: (i) similar core shift values were obtained referencing to different jet features of the same source; (ii) the core shift for the quasar 1655+077 agreed within the errors with previous phase-referenced measurements (Homan & Kovalev 2003) ; (iii) two RDV epochs of the quasar 1642+690 resulted in values being in good agreement. have also investigated the effect of the different uv-coverage resulting in a different resolution (and amount of blending between the core and nearby jet regions) at S and X bands on core shift measurements. The effect was found to be small compared to the core position shift between these bands (see Fig. 5 in .
In addition to that, we performed the following test to look for indications of blending in our 1.4-15.4 GHz results. If significant blending is present, we should measure systematically larger core shifts for sources with jet directions aligned with the position angle (P.A.) of the elongated VLBA beam. However, no such dependence is found in the data.
To assess the quality of image alignment using a reference jet component, we inspected spectral index maps of the sources. The spectral index maps were computed by constructing a data cube from the images at different frequencies convolved with the same beam (naturally weighted beam corresponding to the lowest frequency) and fitting a power law to the spectrum in each individual pixel of the data cube. The power law index (corresponding to the slope of a straight line if plotted in logarithmic scale) is the spectral index. A map with a smooth spectral index gradient along the jet and an absent/weak gradient across the jet would indicate, in general, the correct alignment of images obtained at different frequencies (see, e.g., Marcaide & Shapiro 1984 . In all cases the spectral index maps revealed no major problems with image alignment, and the core was found to be the only optically thick feature in the jet. The detailed discussion of the spectral imaging results will be presented elsewhere.
An alternative approach to multifrequency VLBI image alignment based on two-dimensional cross-correlation has been proposed by Walker et al. (2000) . It has been successfully applied for core shift measurements by O'Sullivan & Gabuzda (2009) in sources with smooth jets where referencing to a distinct bright jet component was not possible. A potential disadvantage of this method is that, in principle, it may introduce artificial offsets between frequencies in the presence of spectral gradients along the jet. A similar problem may affect the model component-based method used here, if there is a large spectral gradient across a resolved reference component. However, the spectral index gradient is smaller for an individual component then for a large section of parsec-scale jet used in crosscorrelation analysis. Early observations of the frequency depen- Table 5 . Designation: Col. 1 -IAU source name (B1950), Cols. 2 to 9-core shift measured at the given frequency (in milliarcseconds). The last row of the table presents the adopted measurement uncertainty at the given frequency (in milliarcseconds). The adopted measurement uncertainty at 15.37 GHz is 0.04 mas. dent difference in distance between the core and jet components were actually interpreted by Biretta, Moore, & Cohen (1986) as a sign of spectral gradients across the components. This interpretation is disfavored by the detection of core position shift with frequency in phase-referenced experiments (Marcaide et al. 1985 , Rioja et al. 1997 , Homan & Kovalev 2003 ) and the fact that strong spectral gradients across individual jet components are not routinely observed if images are aligned correctly. A significant core shift has been detected in each of the twenty sources observed within our VLBA program (Table 4 ). The effect is especially pronounced at frequencies below 5 GHz. The results are discussed in detail in Section 4 and presented visually in Fig. 3 .
To statistically estimate typical uncertainty σ r of the measured distance r between the core and reference jet component, we used pairs of sub-bands of X, C, S , and L bands, assuming that the source structure at these closely separated frequencies is essentially the same and the non-zero difference δr between sub-bans in the model fit parameters is determined purely by errors (Fig. 4) . This assumption turns out to be correct for X, C, and S bands, while at L band a significant core shift between the sub-bands becomes evident. We underline that this approach is possible since data processing of these sub-bands was done completely independently. It should be also noted that the coreshift effect is found to be not significant between the two subbands at S -band most probably due to the relatively narrow frequency range (Table 2 ) achievable at this particular VLBA band. We have also estimated individual errors σ r for every source and frequency following two approaches: the one suggested by Fomalont (1999) and its modification by Lee et al. (2008) . Then we compared the measured values of δr with estimations of its error σ δr for every sub-band pair. If the σ δr are estimated correctly following Fomalont (1999) or Lee et al. (2008) , we expect that for about 67% of the sources σ δr > δr. We have found out that the Fomalont (1999) method has provided meaningful error estimates for S, C, and X, while the L-bans errors were significantly underestimated due to a very high signal-to-noise ratio of jet components in this band. At the same time, the Lee et al. a decision to use a statistical method and estimate only a typical σ r error for every band. An approach to adopting the same error for each target at a given frequency has an obvious weakness. However, we believe that this turns out to be the most reliable estimate of σ r in view of the general problem of calculating the model-dependent error of a component position in VLBI. In the following, for X, C, and S bands we adopt a single typical uncertainty of the distance between the core and reference component, which is the standard deviation of the distance difference measurements made in the two sub-bands of each band, computed using all the sources in our experiment (Fig. 4) . For the X band the adopted distance error is σ X = 0.04 mas, for C band σ C = 0.04 mas, and for S band σ S = 0.07 mas. The K u band has not been divided into two independent sub-bands and for that band we adopt the same position uncertainty as for X band: σ K u = σ X = 0.04 mas. In the L band the mean difference between the distance measured at the lower sub-band (1.4 GHz) and the higher sub-band (1.7 GHz) is −0.14 ± 0.03 mas, which is significantly different from zero. We interpret this as a sign of the core shift effect, which should be more pronounced at lower frequencies, and use the uncertainty derived from the scatter of S band measurements as an estimate of the L band error instead: σ L = σ S = 0.07 mas. We note that σ L may be underestimated.
Discussion
Typically measured values of the shift
In the 20 sources observed in our experiment we found the following median values of the core shift with respect to its position at 15.4 GHz: 0.06 mas for 8.4 GHz, 0.08 mas for 8.1 GHz, 0.22 mas for 5.0 GHz, 0.22 for 4.6 GHz, 0.76 mas for 2.4 GHz, 0.72 mas for 2.3 GHz, 1.06 mas for 1.7 GHz, and 1.21 mas for −1/k . The mean value is k = 0.99 ± 0.14, while the median is 0.82. One discrepant measurement on the histogram corresponds to the source 0952+179 where the value of k is not well constrained: k = 3.4 ± 2.7. Table 4 for more details. It is difficult to say how applicable these values are to the population of compact extragalactic radio sources as a whole. It is likely that the above values represent a higher extreme of the possible range of values, since the sources with a high core shift were selected for our observations from the list of . The median S/X band core shift value of 0.69 mas obtained for our sample in this study may be compared to the median value of 0.44 mas from for a sample of 29 sources. These samples have 15 sources in common; see more detailed discussion in Section 4.5.
GHz measurements. See
O'Sullivan & Gabuzda (2009) have measured the median core shift of 0.22 mas between 4.6 and 15.4 GHz using a small sample of three objects, none of which is present in our sample. This value is the same as the median 4.6/15.4 GHz shift in our sample (0.22 mas). A detailed investigation of the core shift effect in a large complete sample of sources selected not on the basis of previous core shift measurements is needed to derive typical magnitude of the effect in a compact extragalactic radio source.
Finally, we note that misalignment between the parsec-scale jet (resolved in our VLBI observations) and the subparsec scale jet (which we observe as the core) will reduce the frequencydependent distance difference between the core and a reference feature in the parsec-scale jet. Therefore, the sources with the highest measured core shift may be those reflecting the true intrinsic magnitude of the effect.
Core position as a function of frequency
According to Lobanov (1998) , the position of the core r c (ν) ∝ ν −1/k where the coefficient k = 1 if (i) the dominating absorption mechanism is synchrotron self-absorption, (ii) the jet has a conical shape and (iii) is in equipartition. These assumptions must hold for the ultracompact jet region that we observe as the VLBI core and does not need to be correct all the way along the extended parsec-scale jet.
To test the above assumptions, we fitted the observed distances between the reference jet component and the core in each source with the function r c (ν) = a + bν −1/k leaving the coeffi-cients a, b, and k as free parameters. The Levenberg-Marquardt algorithm (e.g., Press et al. 2002) was used to perform the nonlinear least-squares fit. Figure 5 shows the distribution of the estimated k values. The mean value of the distribution is k = 0.99 ± 0.14. This suggests that, for a typical source in the sample in the frequency range of our observations, the above assumptions about the structure of the inner jet (which we observe as the VLBI core) are generally correct. Specifically, we conclude that our observations are consistent with synchrotron self-absorption being the dominating opacity mechanism acting in parsec-scale core regions in the GHz frequency range. It should be noted that, since the core shift effect is most pronounced at lower frequencies, the best-fit values of k obtained heavily depend on the L-band measurements. At the same time, L-band data are also more likely to be affected by blending, an effect that could interfere with the core shift measurements . To test how sensitive our conclusions are to the L-band results, we have repeated the above fitting procedure excluding all L-band data. The resulting values of k are on average 30 % lower than to those obtained with L-band data included. Naturally, a larger uncertainty is associated with the values of k obtained without L-band data. The mean values of the two distributions of best-fit k values are consistent at the 2σ level.
The values of k presented in Fig. 5 are similar to those obtained for 1038+528 A by Marcaide & Shapiro (1984) , Marcaide et al. (1985) , 3C 345 by Lobanov (1998), 3C 309.1 by Ros & Lobanov (2002) , 0850+581 by Croke, O'Sullivan, & Gabuzda (2010) . These values also agree with the results of Yang et al. (2008) , who estimates k from a statistical analysis of parsec-scale core sizes of ∼ 3000 sources. The core size is expected to be directly related to the observed position of the core along the conical jet (Unwin et al. 1994 ). The value of k < 1 was obtained from analysis of the core size in 3C 345 measured between 5 and 22 GHz by Unwin et al. (1994) . Values of k slightly more than unity were estimated for BL Lac by analyzing time lags between radio lightcurves obtained at different frequencies (Bach et al. 2006) . We also note that Lobanov (1998) has found an indication that k changes with frequency up to values greater than 1 for the quasar 3C 309.1. Kadler et al. (2004) found much higher values of k, indicating free-free absorption in the radio galaxy NGC 1052. The key difference between NGC 1052 and the sources observed in our sample is that this radio galaxy shows a two-sided parsec-scale jet. The inner part of the receding jet of NGC 1052 is likely to be obscured by a circumnuclear torus (Kadler et al. 2004 ).
4.3.
Can the same function describe shifts at all frequencies between 1.4 and 15.4 GHz?
To search for a possible change of k with frequency, following Lobanov (1998), we introduce a measure of core position offset
between two frequencies (ν 1 , ν 2 > ν 1 ), where ∆r mas is the difference in the apparent core positions at ν 1 and ν 2 . Ω rν can be used for assessing the possible variations of k. If two values Ω rν1,2 (measured between frequencies ν 1 and ν 2 ) and Ω rν2,3 (between ν 2 and ν 3 ) are different, the relation between the corresponding k 1,2 and k 2,3 is
Assuming k 1,2 = 1 for the lowest pair of frequencies (ν 1 = 1.408 GHz and ν 2 = 1.662 GHz for most cases), we derive the values of k 2,3 , k 2,4 , and so on. If the assumption about k = 1 at L band is not correct, that would affect the resulting values of k; however, the test will still be sensitive to relative changes in k between frequencies. The obtained values of k were consistent with k = 1 at a 3σ level. Therefore we found no significant changes in k with frequency. The applicability of the r c ∝ ν −1/k relation to many extragalactic sources has important consequences for the radiooptical reference frame alignment. In the particular case of k = 1, if the radio source is strongly core-dominated, its position measured using the group delay technique at any frequency (such as those currently used to define the the International Celestial Reference Frame, ICRF, Ma et al. 1998 , Fey et al. 2004 , and ICRF2, Fey et al. 2010 corresponds to the jet base, not to the radio core position at a given frequency (Porcas 2009 ). This is due to the additional time delay introduced by the core shift across the observing band (Porcas 2009 ). The optical emission of an AGN jet is expected to originate much closer to the jet base then the radio core position. Therefore, if the structure of the radio source is dominated by the core, there is no need to introduce core shift corrections to the radio source positions determined from group delays before matching them with optical positions. This is not true, however, for radio source positions determined from phase referencing (Porcas 2009 ). If a radio source has distinct jet components comparable in brightness to the core (such as many sources considered here; Fig. 1 ), the group delay would not be a good estimator of the jet base position. The source structure needs to be taken into account prior to comparing the radio and optical source positions in such cases.
Fitting results assuming opacity due to synchrotron self-absorption
As discussed above, our observations are consistent with the assumption of synchrotron self-absorption dominated opacity across the frequency range of this VLBI experiment. We repeated the fit of the function r c (ν) = a + bν −1/k to the observational data, fixing the value of k = 1, which is our best estimate. The results are presented in Table 5 and Fig. 3 . The values of a and b are given in Table 5 . The projected core distance in parsecs is
where a [mas] and b [mas · GHz] are the coefficients obtained from observations, D A is the angular size distance to the source in parsecs, N rad ≃ 206264800 is the number of milliarcseconds in one radian, z the source redshift, and ν em (GHz) the emission frequency in the source frame.
We have investigated deviations of the measured distances from the best-fit curve presented in Fig. 3 for each frequency. In all cases the mean difference between the measurement and the model curve is consistent with zero, and its standard deviation is consistent within a factor of two with the adopted typical measurement uncertainties.
It can be seen from Fig. 3 that, while the r c (ν) ∝ ν −1 law generally provides a good fit to the data over the whole observed frequency range with no systematic deviations, there are indications Column designation: Col. 1 -IAU source name (B1950), Col. 2 and 3 -coefficients of the best-fit curve r = a + b/ν with their uncertainties. Col. 3 and 4 -same coefficients converted to the projected linear scale. Col. 5 -median (across all frequencies) position angle of the reference jet component with respect to the core; it marks the direction along which the core shift was measured. to the one measured in 2007 (this paper) as a function of the X band core flux density ratio at these two epochs. The core shift ratio is defined to be greater than unity, i.e., for each pair of measurements, the higher value of the shift is in the numerator of the ratio. The one source (not shown in this plot), which exhibited a large core shift change without a major change in flux density is W Com (1219+285); it has a core shift ratio of 3.67 ± 0.36 and core flux ratio of 1.19 ± 0.08.
of possible local deviations. This may be due to local deviations from equipartition or conical shape of the jet. Another possibility is that the scatter in distance measurements at two sub-bands used for error estimation does not reflect the total measurement uncertainty. This may happen if there is a systematic factor that influences distance measurements at both sub-bands in a similar way. However, after a careful review of our analysis procedures we could not identify any such factor.
Search for core shift variability
The new measurements of core shifts between 2.3 and 8.4 GHz may be compared to the previous measurements at similar frequencies obtained using the RDV data by . As expected for a big enough sample of variable sources, the mean difference between the measurements obtained at two epochs (2002 for RDV global VLBI data and 2007 for this VLBA dataset) is consistent with zero: 0.01 ± 0.08 mas. The mean absolute value of this difference is 0.22 ± 0.05 mas, which is a measure of a typical long-term core-shift variability in the studied sample within the accuracy of our measurements. According to formula (1) in , if jet orientation and velocity remain unchanged, an increasing value of core shift (due to an increase in particle density and/or jet magnetic field strength) should be associated with an increase in the flux density of the core. Figure 6 shows the core shift ratio versus X band core flux density ratio at two epochs (2002 and 2007) . No significant correlation is found between the core shift and flux ratios at different epochs. This may reflect that there is no single dominant physical reason for core flares and subsequent core shift variations, despite the suggestion by . A higher accuracy of core-shift ratio measurements is required to probe this in detail.
Summary
Dedicated VLBA observations of twenty AGN jets showing large frequency-dependent core shifts were conducted at nine frequencies in the 1.4-15.4 GHz range. Significant core shifts have been detected and confirmed in all observed sources. The effect is more pronounced at lower frequencies. The median value of the core shift in the observed sources is 1.21 mas if measured between 1.4 and 15.4 GHz and 0.24 mas between 5.0 and 15.4 GHz. The core position, r c , shift as a function of frequency, ν, is consistent with the r c (ν) ∝ ν −1 pattern expected for a purely synchrotron self-absorbed conical jet in equipartition (Blandford & Königl 1979 , Lobanov 1998 . The mean value of the coefficient k in the r c (ν) ∝ ν −1/k relation was found to be k = 0.99 ± 0.14, while the median is 0.82. These results support the interpretation of the parsec-scale core as a continuous Blandford-Königl type jet with smooth gradients of physical properties (including opacity) along it. No systematic change with frequency of the power law index in the r c (ν) relation has been convincingly detected. However, some local changes might be present in a few sources, especially at higher frequencies.
The general applicability of the r c (ν) ∝ ν −1 relation to all the observed sources is a promising indication that, if a radio source is strongly core-dominated, its positions obtained using group delays (such as those currently used to define the ICRF2) may be compared to optical counterpart positions directly, with no need to apply a correction for the source core shift (Porcas 2009 ). This may be important in the era of the future spacebased optical astrometry missions aiming for µas-level accuracy. A correction for the core shift in the reference source(s) is still required if a high-precision absolute position of a celestial radio source (or tracked spacecraft) is to be determined through a phase-referencing VLBI experiment.
While in this paper we have tried to concentrate on the observational results, independent of specific assumptions about jet geometry and Lorentz factor, in future work based on the dataset presented here we plan to estimate geometry, magnetic field strength, and total (kinetic plus magnetic field) power of the flows and to relate the observed shifts to the properties of the central black hole and broad-line region in its vicinity. Polarization information will be used to constrain the physical interpretation of core shift measurements and to investigate the effect of the core shift on Faraday rotation measurements.
It would be important to confirm and investigate possible changes in the coefficient k in the r c (ν) ∝ ν −1/k relation with frequency, which may be hinted at in our observations. To achieve greater accuracy in measuring k one would need to obtain more independent core position measurements across the whole frequency range accessible to VLBI. The use of phase-referenced observations may also be helpful for minimizing ambiguities inevitably associated with the model fitting procedure and quantifying position-measurement errors more accurately.
Calibrated uv-data and models described in this paper are available from the first author (KVS) by request. Fig. 1 . Naturally weighted CLEAN images of the observed sources between 1.4 and 15 GHz. The lowest contour value 'clev' is chosen at four times the rms noise, the peak brightness is given by 'max'. The contour levels increase by factors of two. The dashed contours indicate negative brightness. The beam's full width at half maximum (FWHM) is shown in the bottom left corner of the
